A new generation unbiased antennaless CW terahertz (THz) photomixer emitters array made of asymmetric metalsemiconductor-metal (MSM) gratings with a subwavelength pitch, operating in the optical near-field regime, is proposed. We take advantage of size effects in near-field optics and electrostatics to demonstrate the possibility of enhancing the THz power by 4 orders of magnitude, compared to a similar unbiased antennaless array of the same size that operates in the far-field regime. We show that, with the appropriate choice of grating parameters in such THz sources, the first plasmonic resonant cavity mode in the nanoslit between two adjacent MSMs can enhance the optical near-field absorption and, hence, the generation of photocarriers under the slit in the active medium. These photocarriers, on the other hand, are accelerated by the large built-in electric field sustained under the nanoslits by two dissimilar Schottky barriers to create the desired large THz power that is mainly radiated downward. The proposed structure can be tuned in a broadband frequency range of 0.1-3 THz, with output power increasing with frequency. Biased THz photomixers have been shown to be potentially compact, low cost, low power consuming, coherent, highly tunable, and room temperature CW THz sources [1, 2] . In this regard, the idea of using a bias-free THz emitter can be a gateway to overcoming the disadvantages that appear in rival structures. A bias-free THz photomixer is a potentially attractive THz radiation source for biomedical applications. As has already been demonstrated experimentally [3] and theoretically [4] , unlike the large aperture emitters [5] , unbiased emitters with dissimilar Schottky contacts can efficiently accelerate photogenerated carriers. Moreover, unlike scalable microstructured photoconductive emitters [6, 7] , an unbiased antenna-free THz photomixer does not suffer from the short circuiting defects that likely occur in the gaps between adjacent fingers in interdigitated emitters and that ruin the entire device operation. Above all, a bias-free bimetallic THz emitter, unlike the unbiased lateral photo-Dember THz sources, does not suffer from a limitation in the choice of photoconductors with distinct electron and hole mobilities [8, 9] , relaxing the fabrication complexity. The most challenging issue that unbiased antennaless MSM-type photomixers with two dissimilar Schottky barriers could be facing is their relatively low output THz power, as compared to the biased photoconductive emitters.
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Recent experimental attempts have been made to improve the optical-to-THz conversion efficiency of the biased plasmonic based emitters. A plasmonic photomixer biased at 4 V have shown to radiate 1.3 mW power at 0.44 THz with efficiency of 1.3 [10, 11] . A planar terahertz antenna integrated into a tip-to-tip nano-gap active region, biased at 15 V, was demonstrated to radiate 100 μW power with efficiency of 0.1% at 0.35 THz [12] . An emitter with 3D plasmonic electrodes, biased at 60 V, was shown to radiate a broadband (0.1-2 THz) pulsed power of 105 μW with efficiency of 7.5% [13] . Moreover, a large-area antennaless photoconductive emitter with plasmonic electrodes, biased at 18 V, have offered a broadband, pulsed THz power of 3.8 mW, in response an optical power of 240 mW [14] . To the best of our knowledge, to date, there is no published report on plasmonic based "unbiased antennaless" THz emitters for improving the conversion efficiency. The aim of this Letter is to design this type of CW THz photomixer.
The total radiated power can be scaled up by the squared number of cells in the array in one dimension [4] . Employing a unit cell similar to that shown in Fig. 1 , in that work, we have already demonstrated that as the unit cell pitch (Λ) of the unbiased antennaless THz photomixer emitters array is reduced solely by reducing the slit (g) between two adjacent MSM strips, the THz dipole radiation also decreases. Details of the unit cell constituents and its electrostatics are given in [4] .
As illustrated in Fig. 1 , the unit cell of the unbiased antennaless photomixer emitters array under study consists of an asymmetric MSM strip formed on top of a low temperature grown (LTG)-GaAs layer. The MSM is made of a pair of parallel but dissimilar metallic strips (M 1 and M 2 ) that make a pair of dissimilar Schottky barriers, Φ B1 > Φ B2 , on LTG-GaAs. The lateral spacing between the two dissimilar contacts is filled with a SiO 2 stripe of width s. Permissible values for both s and ΔΦ B Φ 1 − Φ 2 , for which the maximum strengths of the built-in electric fields are below the critical value of 50 V/μm for breaking down the LTG-GaAs [15] , are given in [4] . As also seen in Fig. 1 , the metal strip with the larger Schottky barrier (M 1 ) extends over the entire top of the MSM to interconnect with M 2 , providing the required current path within the unbiased MSM structure. The geometrical dimensions and the physical parameters related to the materials constituting the unit cell are given in Table 1 .
When two coherent CW optical signals of appropriate center wavelengths with a frequency difference (Δf ) in the desired THz band irradiate the uncovered LTG-GaAs surface through slits (air gaps) separating the adjacent MSM strips, the absorbed light within the active region generates electron-hole pairs with a time-dependent generation rate Gx; y; t Gx; ye jωt , with ω 2πΔf being the modulation or beat note frequency. The built-in electric field, Ex; y, accelerating the photogenerated electron-hole pairs is also modulated by the same frequencyi.e., Ex; y; t Ex; ye jωt . This triggers the radiation of the desired CW THz wave, in the absence of an external applied bias.
At the first glance, the aforementioned decrease in the THz output radiation power is not beyond what was anticipated. As a consequence of a decrease in g, the apertures through which the uncovered active medium can be irradiated are narrowed. And hence the amount of the absorbed light is reduced. Nevertheless, with more clever insight, one may also anticipate that with an appropriately designed slit of aspect ratio h∕g, as g decreases below the subwavelength dimensions, Fabry-Perotlike plasmonic cavity modes between the slit sidewalls could be excited. These plasmonic cavity modes enhance the optical transmission and, consequently, the absorption within the active regions under the nanoscaled (subwavelength) slits and hence increase the photogenerated carriers there. Meanwhile, with a decrease in g, the built-in field in the vicinity of the dissimilar Schottky contacts within the active medium, where the plasmonic assisted absorption enhances photocarrier generation, also increases. These expectations have motivated us to perform the current systematic analysis, exploiting the slit's size effects on the CW THz dipole power radiated out of the unbiased antennaless MSM-based photomixer emitters array. Since losses are a fundamental issue in plasmonic modes, the metal losses are taken into account through the complex refractive indices of M 1 (Au) and M 2 (Ag), as given in the Table 1 and adapted from [16] .
Using the same procedure as reported in [17] , initially we obtain the intensity distribution from the time-averaged optical Poynting vector to model the optical generation, using full wave simulations. In simulating the optical characteristics of the emitters, a periodic boundary condition is applied at both unit cell boundaries, along the x direction in the simulation domain. Moreover, employing the finite element method (FEM) in the time domain and following the same procedure as reported in [4] , the THz photocurrent inside the photoconductor is modeled. In this numerical simulation, a drift-diffusion model, including various generation mechanisms, is considered, and appropriate boundary conditions for the Schottky metal-semiconductor interfaces and semiconductor-insulator interfaces along the outer boundaries are also applied.
Knowing the amplitudes of the optical generation rate and the built-in Schottky electric field, throughout the LTG-GaAs, we can evaluate the photomixer efficiency (η) as defined by Eq. (1) of [4] . It is an indication of the generated power within the photomixer and can be used as a measure for optimizing the THz power.
By varying the unit cell geometrical parameters, g, h, and Λ, we calculated the efficiency as a function of the pitch size and the slit aspect ratio, for a given slit-to-pitch ratio, g∕Λ 0.3. The numerical results are illustrated in Fig. 2(a). Figures 2(b) -2(e) illustrate the distributions of magnetic field amplitudes corresponding to points (Λ 490 nm, h∕g 0.6), (Λ 250 nm, h∕g 1.6), (Λ 590 nm, h∕g 2.6), and (Λ 780 nm, h∕g 1.6), as four examples whose significances will be discussed later. We have also calculated the efficiency as a function of the pitch size and slit-to-pitch ratio, for h∕Λ 0.6. The numerical results are illustrated in Fig. 2(f ) . It is noteworthy that the values for the pair of s and ΔΦ B , as given in Table 1 , are chosen such that they enable us to vary g, h, and Λ over broad ranges, also given Table 1 , and yet have a great chance for the electric field to be less than the breakdown limit of 50 V/μm. The forbidden region, wherein the electric field exceeds the electrostatic breakdown limit, is within Table 1 . Refractive index of M 2 0.205 5.002i -Letter Λ < 240 nm. The white area in Fig. 2 (f) also shows the forbidden region. As can be observed in Fig. 2(a) , there are two isolated regions with considerable efficiencies (η > 30%). These regions correspond to the first and second plasmonic mode resonances within the slits between each two adjacent MSM strips, also known as "cavity modes" (CMs). Example distributions of the magnetic field amplitudes for CM 1 at two points, (Λ 490 nm, h∕g 0.6) and (Λ 250 nm, h∕g 1.6), are illustrated in Figs. 2(b) and 2(c). The field distribution for CM 2 at point (Λ 590 nm, h∕g 2.6) is also illustrated in Fig. 2(d) . As also seen in Fig. 2(a) , as the unit cell pitch approaches the incident wavelength, CM 1 and CM 2 both fade away. In other words, plasmonic cavity mode resonances within the cavity appear for Λ < λ 0 . This observation is similar to those reported in [18] . Also observed in this figure is a deep dark region (a valley in the efficiency color chart) that corresponds to the surface plasmon polariton resonances appearing on the top surface of the metal strip (SPP Top ), preventing the optical power from penetrating the active region. This is a phenomenon similar to that observed by [18] . The magnetic field distribution showing SPP Top for emitters with Λ 780 nm, g∕Λ 0.3, and h∕g 1.6 is illustrated in Fig. 2(e) . Also seen in Fig. 2(a) is that, as the pitch size is decreased for a constant g∕Λ, the peak efficiencies for both cavity modes move toward the larger h values. This is attributed to the FabryPerot relation h 2m − 1λ eff ∕4, wherein m and λ eff are the mode number and effective wavelength, respectively. Moreover, in the same figure, one can also observe that as the pitch size decreases, the peak value in efficiency increases. This follows our earlier discussion with regard to the increase in the Schottky built-in field resulting from a decrease in g. Hence, the highest peak efficiency observed for emitters with pitches in the range of Λ ∼ 240-250 nm (g ∼ 72-75 nm) is a consequence of the occurrence of plasmonic-enhanced photogeneration (by CM 1 ) within the region where the Schottky built-in field is approaching its highest permissible value.
As observed from Fig. 2(f ) , the two high-efficiency regions corresponding to CM 1 and CM 2 both cover very narrow ranges of variations in Λ and g∕Λ. Moreover, the peak efficiency region in this figure occurs in a very narrow region with small g∕Λ. This is similar to the discussion about the high η values that can be observed within Λ ∼ 240-250 nm. In this case, also due to the small slit size, the intense built-in Schottky field multiplies the photogenerated carries.
As observed from Figs. 2(b)-2(d) for arrays with Λ < λ 0 , the near-field plasmonic cavity modes confine the light intensity under the slits within the active region near the surface, where the lateral built-in electric field (E x ) is significant, while its transverse (E y ) component is smaller [4] . Conversely, under the MSM strips, where E x < E y [4] , the light intensity and hence the photogeneration is infinitesimal. From these, we anticipate that the plasmonic cavity modes mainly enhance the lateral component of the THz dipole current, increasing the THz radiation in the transverse (y) direction. With this expectation, we evaluate the effective dipole current densities for both the lateral (J eff −x ) and transverse (J eff −y ) directions for a single pitch according to Eqs. (2) and (3) of Ref. [4] , using FEM. Figures 3(a)-3(c) illustrate the numerical results obtained for the amplitudes of J eff −x and J eff −y versus Λ for g∕Λ 0.3 for the three values of h∕g 0.6; 1.6, and 2.6, respectively, taken from Fig. 2(a) . Figure 3(a) , showing the current enhancement by CM 1 about Λ 490 nm, corresponds to Fig. 2(b) . Figure 3 (b), which is related to Fig. 2(c) , represents the current enhancement by CM 1 about Λ 250 nm. Figure 3(c) , which corresponds to Fig. 2(d) , is showing the current enhancement by CM 2 about Λ 590 nm. Figures 3(d)-3(f ) illustrate the time dependences of the lateral and transverse effective current densities per pitch in arrays with the corresponding peak values in Figs. 3(a)-3(c) , respectively. These results show that the current enhancement in the emitters array with the smallest possible pitch and the given slit aspect ratio is stronger than the other two arrays. This is certainly due to the enhancement of photocarrier generation by the plasmonic cavity modes of nanoslits within the region that the built-in Schottky electric field attains its maximum permissible strength.
Moreover, for the emitters under study, by adding all elementary Hertzian dipole emissions at various points inside the active region coherently, one can obtain the total THz power. Using Eqs. (4) and (5) of [4] , we have estimated the THz power per pitch radiated from the 10 μm wide (in z direction) emitters of Fig. 3 , as illustrated in Fig. 4 . As we have discussed earlier in this Letter, the THz power radiation is mostly directed downward, because, in addition to J eff −x > J eff −y , the substrate impedance is less than that of the free space.
Comparison of the results depicted in Fig. 4 with a similar graph reported by [4] reveals that by taking advantage of the near-field plasmonic cavity modes to enhance the optical absorption and hence the carrier photogeneration within the active region of the proposed device, the maximum obtainable per-pitch power in the worst case [see Fig. 4(c) ] is about 6 times greater than what can be obtained by the emitters when the absorption is diffraction limited {see Fig. 13(b) of [4] }. It is worth noting that this enhancement was achieved mainly by the second cavity mode within slits with h ∼ 0.58λ 0 and g ∼ 0.22λ 0 on an array of pitch Λ ∼ 0.74λ 0 . Also seen in this figure, as the emitter's pitch reduces to Λ ∼ 0.61λ 0 and the cavity dimensions also become h ∼ 0.12λ 0 and g ∼ 0.18λ 0 , the first cavity mode takes the lead to enhance the absorption and carrier photogeneration [ Fig. 4(a) ], as a consequence of which the maximum obtainable THz power becomes 2.6 times larger than that obtained by the second cavity mode. Decreasing the emitter's pitch even further to Λ ∼ 0.31λ 0 with nanocavities of h ∼ 0.15λ 0 and g ∼ 0.09λ 0 , the high built-in field amplifies the current and hence the radiation power [ Fig. 4(b) ], in addition to the enhancement of absorption and hence photogeneration by the first cavity mode. This is because the effective current is proportional to the photogenerated carriers' density and the electric field, and the THz power is proportional to the square of the effective current.
As seen from Fig. 4(b) , the highest permissible peak power obtained by the emitters with the smallest pitch (Λ 250 nm, g 75 nm, and h 120 nm) operating in the optical nearfield regime is about 680 times larger than that of similar emitters operating in the diffraction-limited (far-field) regime with a 5.6 times larger pitch, as reported by [4] . In other words, the total radiated THz power from a chip consisting an array of (N NF × 1) near-field emitters like those of Fig. 2(c) is about 2 × 10 4 times larger than the total power radiated from another chip of the same area that contains the unbiased antennaless array of (N FF × 1) far-field emitters of [4] . This is because, the total powers are scaled up by the squares of N NF and N FF , which represent the number of pitches in the single row of near-and far-field operating arrays, respectively. Nevertheless, such power ratios for similar arrays made of near-field emitters like those of Figs. 2(b) and 2(d) reduce in proportion. It is apparent that if the number of rows in each array also increases, the absolute radiated THz power of that array increases by the square of the same number. Hence, an appropriately chosen array with a certain number of rows and columns with any of the three near-field emitters of Figs. 2(b)-2(d) may provide the required THz output power that is desired for a specific application. These large area unbiased emitters can offer high-power terahertz radiation because of their capacity to handle relatively high optical powers without suffering from the carrier screening effect and thermal breakdown.
Finally, to show the tunability of the proposed structure in a wide range of THz frequencies (0.1-3 THz), we have recalculated the frequency dependence of the THz output power for emitters similar to those of Fig. 4(b) . Such frequency tuning can be easily achieved by a small wavelength offset Δλ (a few nm around the center wavelength of 800 nm) using two tunable laser diodes [15] . As a consequence of this small optical wavelength tuning the change in the optical properties of M 1 and M 2 and in the resulting optical cavity modes would be negligible. Figure 4(d) illustrates the numerical results, showing the THz power increases with frequency, for the emitters with pitches in the range of 240 nm ≤ Λ ≤ 285 nm. In fact, for the frequencies smaller than the lifetime-roll-off frequency, the photocurrent remains almost unchanged. Under such circumstances, the frequency dependence of the power radiated out of the proposed unbiased antennaless CW THz photomixers array is mainly influenced by the radiation resistance and is expected to approximately increase with frequency squared [4] .
In conclusion, we have designed a new generation of unbiased antennaless CW THz photomixers arrays, operating in the optical near-field regime. We have taken advantage of the size effects to enhance the carriers' photogeneration within the active region and increase the built-in electric field induced by two dissimilar Schottky barriers in the same region. As a consequence of these two enhancements that multiply each other, the maximum obtainable power radiated from a near-field operating THz chip is increased by more than 4 orders of magnitudes, as compared with the power radiated from a similar unbiased antennaless far-field operating THz chip of the same size. Such THz sources can pave the way to various biomedical applications, like endoscopic imaging without the need for hazardous external circuitry for biasing, reducing the patient health risk.
